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Abstract 
Thermally assisted flux flow (TAFF) is studied in bulk Ba(Fe0.95Ni0.05)2As2 (Tc = 20.4 K), Ba(Fe0.94Ni0.06)2As2 (Tc = 18.5 K) 
superconductors by transport measurements in magnetic fields up to 18 T. The onset TAFF temperature and the crossover 
temperature Tx from TAFF to flux flow are determined. The flux pinning activation energy U is modeled as U(T,H) = U0(H) f(t) 
where f(t) is temperature function and the modified Anderson-Kim model is used to extract U0, which is graphed as a function of 
magnetic field PH near Tc. Maximum pinning energies at 0 T are about 1600 K for Ni6 doped sample and at about 4800 K for 
Ni5 doped sample. Sub-TAFF resistive regime caused by fluctuations is observed. The upper critical fields Hc2 are measured in a 
range of temperatures below Tc to find Hc2 (T=0) by applying the WHH model. 
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1. Introduction 
   Since the ground-breaking work in F doped LaFeAsO by Kamihara et al. (2008), a number of new iron-containing 
superconductors has been discovered. Among them, a large sub-family of Fe-pnictide is MFe2As2 (the so-called 
"122" family), which contains over 450 distinct compounds (Villars and Calvert, 1985). Superconductivity can be 
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achieved by doping in either the M or Fe sites. Unlike cuprates, these 122 Fe-pnictides show small anisotropy; but 
they have a high upper critical field, and large robustness of the critical current as a function of the magnetic field 
(Tanatar et al. (2009), Yamamoto et al. (2009)). However, the magnetic flux behavior of these compounds has not 
been well described so far. 
In this work, we study the magnetic flux pinning in the mixed state in the Ba(Fe0.95 Ni0.05)2As2 (Tc = 20.4 K) and 
Ba(Fe0.94 Ni0.06)2As2 (Tc = 18.5 K) bulk superconductors. Thermally assisted flux flow (TAFF) framework is applied 
to determine flux pinning energies as a function of temperature and DC magnetic fields up to 18 T. Our data are 
analyzed in the context of the widely accepted Anderson (1962), Anderson-Kim model (1964). We show major 
limitations when this model is applied to the data. Furthermore, we measure the upper critical fields Hc2 in a range of 
temperatures below Tc to find Hc2 (T=0) by applying the Werthamer et al. (1966) or WHH model. 
 
2. Experimental detail 
 Resistivity of Ba(Fe0.95Ni0.05)2As2 (Tc = 20.4 K) (optimally doped, referred to as Ni5), and Ba(Fe0.94Ni0.06)2As2 (Tc 
= 18.5 K) (referred to as Ni6) polycrystalline samples was measured in magnetic fields up to 18 T. The samples 
were synthesized at the Applied Superconductor Center (at the National High Magnetic Field Laboratory), where 
Ba, Fe, Ni and As were mixed, wrapped with Nb foil, and then sealed in a stainless steel vial. The sealed samples 
were heat treated under a pressure of 193 MPa at 1120 °C for 12 hours, cooled to 900 °C at the rate of 4 °C/hr, held 
at 900 °C for 12 hr, and then cooled to room temperature at 150 °C/hr. The phase purity of the samples was checked 
by powder X-ray diffraction (XRD) (Khasanov et al. (2010)). The samples contained a small amount (a few %) of 
FeAs impurities. The Ni5 bar-shaped sample had dimensions 5.19 3.06 1.55 mm3. The Ni6 sample size was 
7.97 1.68 1.43 mm3. We used the standard four-probe configuration and glued 25 ȝm thin gold wires by silver 
paste. 3 mA AC current was generated from a lock-in amplifier at 135 Hz to excite the sample and the voltage of 
sample was measured by the same lock-in. Measurements were carried out in the ohmic region. 
 
3. Results and theory 
   Fig. 1 shows the plot of the derivative of resistivity Uwith respect to temperature Tor dU/dT. We see the 
expected broadening of the curves with the applied field. The transition is relatively symmetric at 0 T. As the field 
increases, asymmetry of the curves becomes visible. From the onset of the mixed state, the slopes of the rising 
curves are comparable in all fields. As we move past the peaks, the broadening increases significantly as we increase 
the field. The broadening is also reflected by the successively smaller peak values as the field increases. A straight 
line would connect all the peaks. The high field curves have long tails, reminding one of log normal distribution 
curves used in biology, chemistry, or economics. These dU/dT plots are useful in determining upper critical fields, 
Hc2, in addition to the critical temperature Tc. 
   We determine the width of the resistive transition by noting the two points where the derivative of U with respect 
to T reaches zero or a constant value that is approximately zero. This method is also used to determine Hc2. Our 
width of the resistive transition is proportional to PH. Sun et al. (2009) has seen similar behavior on high-quality 
single crystals. Our data does not match Tinkham’s theoretical prediction of 'T B2/3 (Tinkham (1988)). 
   From the plot of Hc2(T) as a function of T we obtain dHc2/dT = -7.1 T/K for Ni5 and -6.1 T/K for Ni6. The 
Werthamer-Helfand-Hohenberg (1966) formula (WHH) is applied to get Hc2(0) = -0.693Tc dHc2/dT =100.4 T for 
Ni5 and 78.2 T for Ni6. The coherence length ] (T )  I0 / 2SHc2 (T ) = 1.81 nm for the Ni5 sample at T = 0 K and 
2.05 nm for the Ni6 sample (Tinkham (1996)). Gasparov (2011) measured similar results. 
   The Arrhenius law has been used to describe the hopping rate and the resistivity in the thermally assisted flux flow 
regime, U(T,H )  = U0 exp(-U(H,T)/kBT) where U(H,T) is the thermal activation energy that varies with magnetic 
field H and temperature T, and kB is the Boltzmann’s constant. The activation energy can be also described as 
U(H,T) = U0(H)f(T) where f(T) is a temperature function (Nikolo, (1993)). We determine the activation energy from 
the slope of the Arrhenius plot d(ln U )/d(1/T).  
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   Fig. 2 shows the plot of the activation energy and resistivity as a function of temperature for 1 T dc field. We have 
U-shaped potential energy in temperature. The activation energy is highest (1588 K) below Tc, near the lower knee 
of the resistivity curve and decreases rapidly in almost linear manner. Two-thirds of the way up the decrease slows 
down and could be fitted by some kind of polynomial fit. Fig. 3 shows 18 T results. The width of the energy 
potential in temperature is wider; however, the linear decrease is apparent for only narrow part of the transition near 
bottom of the potential. While, we could do a polynomial fit, it would be different for each field. The potential 
energy extrapolates to 0 at Tx where the effective activation energy vanishes. Below the crossover temperature Tx, 
the dissipation grows with increasing T in a thermally activated manner until the depinning energies are reduced to 
near zero at the crossover temperature Tx and flux flow occurs (Batlogg et al. (1989)).  
 
Fig. 1. Plot of the derivative of resistivity Uwith respect to temperature T vs. T.  
 
Fig. 2. Dual plot of U and U/kB  vs. T at 1 T applied magnetic field for the Ni6 sample. The onset of TAFF is defined as a point where the 
fluctuations are small and U has a maximum. Extrapolation of the U/kB to zero determines Tx which defines the end of the TAFF regime. 
996   M. Nikolo et al. /  Physics Procedia  67 ( 2015 )  993 – 998 
 
 
Fig. 3. Dual plot of U and U/kB  vs. T at 18 T applied magnetic field for the Ni6 sample. The onset of TAFF is defined as a point where the 
fluctuations are small and U has a maximum. Extrapolation of the U/kB to zero determines Tx which defines the end of the TAFF regime. 
   The onset of fluctuations is seen as the resistivity shows the first signs of an increase but this initial rise does not 
fit the Arrhenius TAFF model for we do not get a clearly defined slope that defines the activation energy U (Fig. 2). 
At that point, a different model needs to be proposed. Here, the Anderson-Kim Arrhenius description of thermally 
activated flux flow does not work well and a better quantitative description needs to be developed.  
   As a footnote, it is interesting to observe the left side of the U-shaped energy well, slightly below the lower knee 
of the resistivity curve where we observe large fluctuations in U/kB. In that narrow temperature range the data could 
be fitted by U(T,H )  = a u exp(b u E(H,T))/T where E(H,T) has units of energy, comparable in size to the 
activation energy. We do not know if this has any fundamental significance linked to the fluctuations. 
Fig. 4 shows cumulative plot of U/kB vs. T for fields from 0 to 18 T for the Ni6 sample. In 3-D, the TAFF 
boundary resembles a narrow deep valley of decreasing depth as P0H  is increasing, across the T - P0H  plane, 
about 1.3 to 1.7 K wide for Ni6 and 0.4 K to 1.5 K for Ni5. We obtain U(H=0, T)/kB maximum at about 1600 K for 
Ni6 and at about 4800 K for Ni5. This compares with results obtained on a range of high-Tc materials by Woo et al. 
(1989), Palstra et al. (1988), and Shi et al. (1990)). 
Another approach of analyzing the pinning potential energy U is proposed. Our U data, in particular in low fields, 
support straight line-like behavior of the d(ln U )/d(1/T) vs. 1/T graph, in the TAFF state. To a first approximation, 
we have d(ln U )/d(1/T) = – constant  1/T, leading to U  U0 exp(U0
2 / 2kB2T 2 ) for constant = U02 / kB2 , where U0
is the flux depinning or activation energy. Contrasting this with the Anderson-Kim expression, the difference is that 
the temperature dependence is defined explicitly here, while the Anderson-Kim expression hides the temperature 
dependence implicitly in U(T,H), which can make the analysis of U(T,H) more difficult. We extract U0  by noting 
that d(ln U ) / d(1/T) = –  (1/T).  
By ploting d(ln )/d(1/T) vs. 1/T, we find the slope which gives us U02 / kB2 . The pinning potential energy 
U0 / kB for Ni5 is 2031 K at 0 T and is 602 K for Ni6 at 0 T. The Ni5 sample shows stronger pinning in addition to 
higher Tc. U0 is determined for all measured fields. We get linear dependence between ln U/kB and H for the Ni6 
sample. In Fig. 5, we show U0 alongside U(T=Tc). Interestingly, we get an overlap. This gives support to the method 
of graphing U(T=Tc) determined at the critical temperature. Plots of U(T=Tc) or U0 have values two to three times 
smaller than U maxima (Fig. 4). However, the U maxima plots are more scattered and are not easily fitted by any 
function. Fig. 4 plot is unlike the inverse power law relationships seen in some high-Tc materials by Palstra, et al. 
(1988), Woo et al. (1989), and Shi et al. (1990). 
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Fig. 4. 3-D plot of smoothed U/kB vs. T and PH for the Ni6 sample.
 
Fig. 5. Plot of ln U/kB vs. PH for the Ni6 sample. We show U’s determined by two different methods described above.
4. Conclusion 
In conclusion, the TAFF state is closely examined in Ba(Fe0.95 Ni0.05)2As2 and Ba(Fe0.94 Ni0.06)2As2 bulk 
superconductors. Upper critical fields are calculated as PHc2(0) = 78.2 T for Ni6 and 100.4 T for Ni5 via the WHH 
model, confirming better flux pinning in the Ni5 sample. The width of the resistive transition is shown to be 
approximately proportional to PH, unlike Tinkham’s prediction of 'T B2/3.          v
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The flux pinning activation energy U is modeled as U(T,H) = U0(H) f(t) where f(t) is temperature function and 
the modified Anderson-Kim model is used to extract U0, which is graphed as a function of magnetic field PH near 
Tc. Maximum pinning energies at 0 T are about 1600 K for Ni6 doped sample and at about 4800 K for Ni5 doped 
sample. Sub-TAFF resistive regime caused by fluctuations is observed. The Ni5 sample shows higher flux activation 
energies at all temperatures (and higher Tc) and therefore stronger pinning than the Ni6 sample. Modified Anderson-
Kim Arrhenius model is applied to extract the temperature independent U0 activation energies, which are plotted as 
a function of magnetic field, and logarithmic dependence of U0 in applied field is observed. 
At the onset of the resistivity knee, over a very narrow temperature range, fluctuations, which cannot be modeled 
by the Anderson-Kim TAFF model, give rise to initial resistivity, and a better quantitative model needs to be 
developed. This becomes especially pronounced at higher fields. The fluctuation state, just below the TAFF onset, 
needs to be better understood. We extrapolate U to zero to determine the temperature Tx where the intial flux flow 
state begins and TAFF has an upper boundary. In 3-D, the TAFF boundary forms a narrow deep valley of 
decreasing depth across the T - P0H  plane as P0H  is increasing. It is about 0.4 to 1.7 K wide.  
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